Abstract. We consider rotation of polarization plane of the laser light when a gas laser is placed in a longitudinal electric field. It is shown that residual anisotropy of the laser cavity 10 −6 and the sensitivity to the angle of polarization plane rotation about 10 −11 − 10 12 rad allows one to measure an electron EDM with the sensitivity about 10
Introduction
The standard model predicts the dipole moment of the electron at a level of about 10 −40 e×cm while some variants of supersymmetric models forecast 10 −30 e×cm [1, 2, 3] . Since the supersymmetry is an important ingredient of modern physics it would be desirable to achieve the sensitivity of measurements enabling us to test these predictions. Present limit on the electron EDM is d e < 1.6 × 10 −27 [4] . Measurement of an angle of the polarization plane rotation of light when it propagates through a gas immersed in an electric field is one of the possible ways to search for the electric dipole moment of an electron. Interaction of an electric field with the electron dipole moment leads to the splitting of the atomic levels, analogous to the Zeeman effect and, consequently, to polarization plane rotation (similar Faraday effect) when a photon propagates along the electric field direction.
It was shown in [7, 8, 9] that in addition to the atomic level splitting one more mechanism leading to light polarization plane rotation exists. It is the interference of the Stark and P-T-induced transition amplitudes.
In a typical transmittance experiment with a cell (Fig. 1a ) the intensity of a light beam decreases when it propagates in a medium. This restricts the length available for polarization plane rotation measurements [10] . An idea to use a photon trap (resonator) with an amplifier (Fig 1b, 1c) to compensate light absorption was proposed in [9] . Because of the trap contains exited medium the amplification cancels the losses and light can stay in the resonator for a long time.
Below we give a detailed theoretical analysis of the photon trap with an amplifier for measurements of the P-T-noninvariance. The simplest trap is a laser placed in the electric field (Fig. 1b) . This system is similar to the laser in the magnetic field considered in 70th [11, 12, 13, 14, 15] and recently as a footing of the laser magnetometers [16, 17] .
The main difficulty for laser magnetometery is linear anisotropy of losses of the resonator [16, 17] . The same difficulty is deferred on the measurements of P-Tnoninvariant rotation in the electric field, because the linear anisotropy of resonator is much greater than the circular anisotropy created by the electric field provided that Pand T-invariance breakes. Under these circumstances there is no polarization plane rotation with the constant angular velocity. When the electric field turns on, the polarization plane rotates for a small angle and then stops. Just this angle should be measured.
The angle of polarization plane rotation in the electric field
Let us consider a stationary electromagnetic wave in a resonator containing an exited medium possessing linear and circular anisotropy. The effect of polarization plane rotation can be described by the P-T-noninvariant term n ij P T ∼ e ijk E k in the tensor of the refractive index of the medium [5, 6] , where e ijk is the completely antisymmetric tensor and E is the external electric field. Let the mirrors of the resonator are perpendicular to the z-axis, and the external electric field E is directed along it.
It is convenient to choose the reference frame providing for the matrix of anisotropic losses of the resonator to be diagonal. Thus the tensor part of the generalized refractive index (see Appendix), which includes the resonator, has the form:
where χ, a describe linear anisotropy of losses and circular phase anisotropy correspondingly. Linear phase anisotropies are given by b and d. Prime marks the refractive index of the exited medium to distinguish it from that for the medium in the ground state. The refractive index acts as matrix in the space of the vectors
where E x and E y are the components of the electric field of the electromagnetic wave.
Linear anisotropy of losses χ = 1 4
1 Qy
Here Q x and Q y are the finesse of the resonator for the light polarized along the x and y axes, respectively. In principle, very low anisotropy of losses can be achieved. For instance, in the experiments [16, 17] the quantity
. In our estimates we use the value of 10 −6 in a hope that progress in technology of unstressed materials and the resonator design allow it to be reached.
Circular phase anisotropy a = 
Measurements should be performed by the analyzer placed perpendicularly to the polarization plane of the laser beam (when the electric field is turned off). Orientation of the polarization plane of the laser light is determined by residual anisotropy of losses in the resonator and coincides with one of the main axes i.e. it is directed along the vector h = {χ, 0, 0}.
As the electric field is turned on, the circular anisotropy a depending linearly on the electric field appears and the polarization plane rotates by the angle φ las , which can be found from the Eq. (27) given in appendix. This equation describes stationary polarization of light. The angle φ las is the half of the angle between vector O at a = 0, when there is no electric field and that at some a produced by the tuned on electric field. In a typical experimental situation a, b, d ≪ χ. Vectors h and r in (27) are h = {χ, 0, 0} (we omit circular dichroism due to an electric field for simplicity) and r = {d, b, a}. The stationary solution for the vector O describing polarization state of the standing electromagnetic wave according to (27) has the form:
in the first order on a, b, d. Eq. (3) gives the angle of polarization plane rotation
As we can see from (3) the additional parasitic angle bd 2χ 2 appears. However, this angle can not depend linearly on the electric field. One more additional angle (so-called "base angle" [10] ) arises due to inexact perpendicular orientation of the analyzer with respect to the polarization plane of the laser beam.
The conventional experimental method implies modulation of the "base angle" with the frequency Ω by the additional Faraday element placed between laser and analyzer. The signal at the output of analyzer is proportional to the squared sum of the P-Tviolating angle of rotation and the "base angle". Presence of Ω component in the Fourier transform of the output signal is the signature of P-, T-invariance violation.
Estimates for the "trap" and "transmittance" layouts
Let us estimate the advantage of the laser experiment (Fig. 1b) compared to the light transmission experiment using a cell (Fig. 1a) .
The P-, T-violating refractive index does not depend on the type of the atomic transition, i.e. it is approximately the same for the dipole electric, magnetic and strongly forbidden magnetic transitions [8] . In the transmittance experiments with a cell the angle of rotation is usually measured for two absorption lengths, thus it is reasonable to choose transitions with the greatest absorption length. These are magnetic dipole and strongly forbidden magnetic transitions. The angle of polarization plane rotation in a cell for the length L is equal to (see [7, 8, 9, 10] ):
where k is the wave number. As we have mentioned, ∆n P T in the equation (5) differs from ∆n ′ P T in the expression (4). The first quantity corresponds to a medium in the ground state and transitions happen from the ground level to the exited one whereas, in the case of the laser medium, the transitions happen from a top level to the bottom. These quantities are connected to each other by the relation
where N is the concentration of atoms, and ∆N is the density of inversely populated atoms. Substituting ∆n ′ P T from (6) to the equation (4) one obtaines:
In the derivation of the latter equation we have taken into account the condition of laser operation
where σ is the absorption cross section for this transition. From the equations (7) and (5) we can see that the angle of polarization rotation in the laser is equal to the angle of rotation at the absorption length L abs = . Thus one expect to obtain 2Q ∆Q ∼ 10 6 enhancement in comparison with a layout, using a cell. Let us remind that the experiment with a cell uses the strongly forbidden transition, therefore the real gain will only appear if the laser also operates at transitions of this type. In the laser operating at ordinary electric dipole transitions, a very low inversion of population is required to compensate absorptions in the resonator, because σ in (8) is large. The real part of the refraction index is also proportional to the inversion of population and additional suppression given by (6) arises. Thus, the most of the gas lasers, using E1 transitions are unsuitable as a trap for measuring P-T-violation. Although there are no lasers working at a strongly forbidden magnetic transition, lasers working at a magnetic dipole transitions do exist. One of such examples is the chemical atomic iodine gas laser that uses 2 P 3/2 → 2 P 1/2 transition [18, 19] . The P-T-odd refractive index can be expressed in terms of the P-T-odd polarizability β P T of iodine the atom:
Two mechanisms contributing to β P T were considered in [7, 8, 9] . The first one is the interference of Stark and P-T-odd transition amplitudes. The value of β P T in this case can be estimated as:
where ω is the laser working frequency, corresponding to the resonator own frequency; m, n are some intermediate atomic levels, ε g , ε c , ε n , ε m are the energies of the levels, d
j are the components of the operator d of the atom dipole moment (summation on j is implied in (9) and further), H T is the operator of P-T-violating interaction. We assume that c → g, is the laser working transition, and g is the ground state. The dependence of polarizability on frequency is given by a multiplier
, where ω 0 = ε c − ε g is the frequency of transition and Γ is the natural line width. To take into account Doppler broadening in a gas we should average the multiplier over the Maxwell distribution of atom velocities. According to ref. [10] this reduces to:
where ∆ D there is the Doppler line width, v =
is the detuning and
Using the above averaging in (9) we come to the estimate:
where < d > is the typical value of the matrix element from the operator of atom dipole moment , ∆ε ∼ Ry (Ry is Rydberg constant) is the typical value of difference in atomic levels energies, E z is the longitudinal component of E. The above estimate of β P T mix is valid for all kinds of atomic transitions [8] : electric dipole, magnetic dipole and strongly forbidden magnetic dipole.
The second mechanism suggests that the P-T-odd polarizability is produced by the atomic levels splitting in the electric field due to the atomic EDM. This leads to the estimates [8] :
for the strongly forbidden magnetic transition and
for the magnetic dipole transition. Here µ j are the components of the operator of atom magnetic moment, d at is the dipole moment of the atom, which can be estimated as
. Averaging (13) we obtain
for the strongly forbidden transition and
for the magnetic dipole transition, where α is the fine structure constant. Sources of P-T-violation are the electron EDM, EDM of the nucleons, and the P-T-odd electron-nucleon interaction [8] . For definiteness we consider only the first one. The matrix element of P-T-odd interaction between atomic states can be estimated as < H T >∼ 150 de <d> ∆ε [8] . This implies that the atom EDM is of the order of
∼ 150d e . The above estimation takes into account the Shiff theorem stating that in nonrelativistic quantum mechanic atom EDM should be zero and only relativistic effects allows it to appear [10] . Relativistic effects are given by the multiplier
, where υ is the typical electron velocity in atom, Z is the atomic number. However, the Shiff theorem does not concern the "mixing" mechanism, because an atom EDM does not appear in it. Thus we have to use two different < H T > to describe "mixing" and "splitting" mechanisms. Unfortunately, in Ref. [8] we used the single < H T > with relativistic suppression for both the mechanisms. In this paper will take < H T >∼ 150 de <d> ∆ε for the "splitting" mechanism and < H T >∼ 150 Z 2 α 2 de <d> ∆ε for the "mixing" mechanism.
The absorption cross section for the transition 2 P 1/2 → 2 P 3/2 is given by
where A = 7.7 c −1 [18, 19] is the Einstein coefficient. The angle of polarization plane rotation at one absorption length
Large detuning improves the signal because it increases the ratio f (u, v)/g(u, v), for instance, for u = 5, v = 0.1 we have g(5, 0.1)/f (5, 0.1) = 48. The angle of polarization rotation at one absorbtion length calculated for the electric field E = 10 4 V /cm, ∆ D /ω = 10 −6 , d e = 10 −30 e × cm are given in the Table 1 . Multiplying these values by 2Q ∆Q = 2 × 10 6 we find that for the "mixing" mechanism at u = 5 the light polarization plane rotates at φ las = 6.3 × 10 −12 radians. Although laser working at the strongly forbidden transition seems impossible one can use two section system (see Fig.1c ), consisting of a cell with the cesium vapor in the electric field and an amplifier. Let the length of the cell is L 1 and the length of the amplifier is L 2 . Circular anisotropy takes place only in the cell, therefore the average P-T-odd refractive index of system can be written down as ∆n P T
. Substance of the Table 1 . P-T-odd polarizability and polarization rotation angle at an absorbtion length for the "splitting"(atom EDM) and "mixing" mechanisms at d e = 10 −30 , v = 0.1 and deturning u = 1, u = 5. cell is absorptive so the total absorption is written down similarly (21) (see Appendix) as:
where T 12 is the transmittance of the wall between the amplifier and the cell. The first item
in the last expression describes losses of the empty resonator. The angle of polarization plane rotation in such two-section system is written down as
where ∆Q 0 describes the linear anisotropy of losses of the resonator. Now one may use the strongly forbidden magnetic transition of the cesium atom 6S 1/2 → 7S 1/2 . In the field 10 4 V /cm under deturning u = 1 the absorption length (pressure of the cesium vapor 10 kPa at the temperature T = 750 K, the atom density is N = 10 18 ) is 7 m [8] . In accordance with (19) φ 2 las increases slowly as the L 1 increases, but we could expect that due to technological reasons L 1 and L 2 are to be of the same order. Let us assume in our estimates that L 2 ≈ [8] , for d e = 10 −30 e × cm. This corresponds to β P T = 1.5 × 10 −43 cm −3 . Accordingly, the angle of polarization plane rotation in the two-section system is 3.6 × 10 −11 rad at ∆Q 0 /Q 0 = 10 −6 . However, the more is the number of borders the more difficult is to achieve low residual anisotropy of the system.
Note that at present time sensitivity 10 −8 rad/ √ Hz for measurements of polarization rotation angle is achieved [20] . At accumulation time 10 6 s (11.5 days) this gives 10 −11 rad.
Conclusion
To summarize, use of photon traps with an amplifier for measurements of P-T-invariance violation with the modern high technological level of the equipment (residual anisotropy ∆Q Q ∼ 10 −6 and ability to measure angles of polarization rotation 10 −11 − 10 −12 rad allows one to achieve the sensitivity for electron dipole moment measurements at the level of 10 −30 e × cm and, thus, to test the predictions of some supersymmetric models. We hope that progress in technology of resonators and precision polarization measurements makes such experiments possible.
Appendix
One can obtain condition for stationary oscillation in a resonator supposing that the amplitude of the running wave after light travels back and forth in the resonator is equal to the initial amplitude. If, for example, the resonator is filled with a medium with a constant refractive index n then the amplitude of a running wave departed from some point near the mirror (Fig. 1b) and returned to the original point will be equal to E = e −2iknL E 0 , where k is the wave number of the wave in vacuum, L is the length of the resonator. Since the initial and final amplitudes are equal to each other, knL = m π, where m is an integer number. Difference of the refractive index from that given by the above condition by ∆n results in change of the amplitude ∆E = −2i∆n k L E after the full passage. Dividing the last equation by the propagation time T ≈ 2L/c we find:
This equation may be derived also in a less heuristic way [11, 12, 13, 14, 15] . Losses corresponding to the reflectance of the resonator mirrors can be "smeared out" over the volume of the resonator through the addition of quantity:
to ∆n, where R 1 , R 2 are the reflectance of mirrors. It is easy to see that after the full pass the amplitude of the wave is multiplied by √ R 1 R 2 . If there are some areas with small variations of the refractive index then we should use the average index of refraction ∆n =
. If the wave propagates along z axis then the amplitude of the electromagnetic wave contains two components E = E x E y . It is convenient to use the circular basis
(E x − iE y ). In the general case of an anisotropic medium and resonator, ∆n is a complex 2 × 2 matrix which can be written in the form ∆n = (N 0 + σN ), where N 0 = r 0 + ih 0 is a complex number, N = r + ih is a complex vector, σ ≡ {σ x , σ y , σ z } are the Pauli matrices.
Let us define the density matrix ρ ij (t) = E i (t)E * j (t) and parameterize it with the help of ξ 0 and ξ as ρ = (ξ 0 + σξ)/2. Taking derivatives of the density matrix and replacing derivatives of 
For entirely polarized light |O| = 1 the Eq.(24) reduces to 1 2ω
. Orientation of the polarization ellipse is described by the angle φ between the major axis of polarization ellipse and x [21] :
Thus the angle of polarization rotation is equal to one half of the angle of the vector O ⊥ rotation in a plane xy, taken with the opposite sign. For example, if O ⊥ rotates on the angle − . Rotation of O ⊥ by the angle (−2π) means rotation of the polarization ellipse on the angle π and, after this rotation the ellipse coincides with itself.
The z-component of the vector O is equal to the ellipticity of laser radiations.
In the general case (h · r) = 0 polarization always tends to the stationary solution. The typical picture of this is shown in Fig. 2 . Under constant h and r the stationary solution of the equation (24) is written down as
